Cytotoxic T lymphocytes (CTL) confer protection against intracellular pathogens, yet the mechanism by which some escape activation induced cell death (AICD) and give rise to long-lived memory cells is unclear. We studied the differentiation of transgenic TCR CD8 ⍣ cells into CTL and memory cells using a novel system that allowed us to control cytolytic activity. The perforin/ granzyme granules used to lyse targets induced the apoptosis of CTL in a fratricide-independent manner. After adoptive transfer to antigen-free mice, the ability of CTL to give generate memory cells was determined. We found that the extent of cytolysis by a common pool of CTL controlled the differentiation into memory cells, which were only generated under conditions of minimal cytolytic activity. Thus, the differentiation of naive CD8 ⍣ cells into memory cells may not depend on the presence on a subset of committed CTL precursors, but rather is controlled by the extent of granule-mediated cytolysis.
Introduction
The engagement of TCR on naive CD8 ϩ cells by antigen effector molecule perforin may play a role in the homeostasis of CTL (6-8). These studies demonstrate that perforin-deficient peptide-class I MHC (pMHC) leads to the proliferation and differentiation into cytotoxic T lymphocytes (CTL) (1). Cytolysis mice and humans have an impaired ability to clear activated CD8 ϩ cells. However, it remains unclear whether the failure is initiated by the formation of antigen-specific conjugates that result in the lysis of pMHC-presenting target cells by the to down-regulate CD8 ϩ cell immune responses is due to impaired effector cell suicide or to a failure to clear antigen action of apoptosis-inducing molecules stored in cytoplasmic granules such as perforin and granzymes (1,2). After the in the perforin-deficient hosts (7,9). Furthermore, these studies were unable to discern whether perforin induced the effector phase, a period of death ensues during which activated T cells undergo activation-induced cell death (AICD) suicide of CTL or was required for fratricide by fellow CTL during the clearance of activated CD8 ϩ cells (10). In the (3). The third phase of the T cell response is characterized by the appearance of memory cells that persist for many years absence of any definitive marker, the presence of memory CD8 ϩ cells must be assessed functionally. This therefore and have accelerated responses seen upon re-exposure to antigen. This is due to both an increase in the frequency of precludes the use of effector-function-deficient animals to study the role of effector molecules during cell fate decisions antigen-specific T cells and to qualitative changes that allow them to respond to antigen more effectively than naive cells leading to the generation of memory.
In this paper we test the hypothesis that cytolytic activity (antigen hyperactivity) (4).
We recently showed that post-effector CD8 ϩ cells are the induces the apoptosis of CTL and controls subsequent differentiation into memory cells. We analyzed the differprecursors of memory cells (5). However, how some CTL escape AICD and differentiate into memory cells remains entiation of naive CD8 ϩ cells into CTL and memory cells by using transgenic mice carrying the male-specific, anti-H-Y unclear. Recent evidence has suggested that the cytolytic TCR B6.2.16 (11). We demonstrate that contact-mediated Biomedical, Seattle, WA) (17) B6.2.16 CTL were cultured at a 1:1 E:T ratio with target complexes [H-Y peptide sequence: Lys-Cys-Ser-Arg-Asncells that were labeled with the red-fluorescent dye PKH26 Arg-Gln-Tyr-Leu (13)] were purified using a conformation-(Sigma, St Louis, MO) according to the manufacturer's specific, anti-H-2D b mAb (B22-249R1) (14). All purified specifications. In brief, RMA target cells were washed in PBS complexes were subjected to analytical size exclusion fast then resuspended at 10 7 cells/ml in solution C. PKH26 dye pressure liquid chromatography and showed a homogeneous was added to a final concentration of 2 µM, mixed and peak (Ͼ95% purity) with the retention time of an~45 kDa incubated at room temperature. After 5 min, the reaction was protein. The half-life of the H-Y/H-2D b complexes was 45 Ϯ quenched with 3 volumes of FCS and the cells were washed 9 h at 37°C.
an additional 3 times in RPMI/10% FCS medium. After 4 h, 10 6 cells were stained with anti-CD8-APC and then washed Mice in ice-cold PBS. Cells were resuspended in 1 ml of 0.1 µM CD8 ϩ cells were purified from B6.2.16 TCR transgenic YOPRO-1 dye (Molecular Probes, Eugene, OR) dissolved in recombination activation gene-1 (RAG1)-deficient mice (129/ PBS and incubated on ice for 30 min. The percentage of SvϫC57BL/6) (11) and F5 TCR transgenic RAG1-deficient YOPRO-1 high cells was determined by flow cytometry on live mice (129/SvϫC57BL/6) (15). Recipients for adoptive transfer gated PKH26 -CD8 ϩ cells. experiments were female RAG1-deficient mice (C57BL/6) F5 CTL were generated by culturing splenocytes from (16). All mice were maintained and bred under specific F5 RAG1-transgenic mice on plate-bound IF68/H-2D b pathogen-free conditions.
[IF68: Ala-Ser-Asn-Glu-Asn-Met-Asp-Ala-Met (18)] refolded as described and rIL-2 for 4 days. The F5 CTL lysed only
Generation of anti-H-Y CTL
IF68-pulsed target cells (23% specific lysis) and not H-YLymphocytes from B6.2.16 RAG1 -mice were labeled with pulsed or unpulsed target cells (Ͻ4% specific lysis). F5 carboxyfluorescein diacetate succinimidyl ester (CFSE) as CTL were susceptible to cytolysis-induced apoptosis and described before (5), and cultured (10 6 cells/ml, 2 ml/culture) displayed Annexin V binding when incubated with target cells with plate-bound H-Y/H-2D b (5 µg/ml) and recombinant human pulsed with 100 nM IF68 (13% of F5 CTL were positive) but IL-2 (10 U/ml). To remove unbound soluble H-Y/H-2D b , the not with unpulsed targets (1% of F5 CTL were positive). wells were washed 3 times with PBS after coating (1 h, 37°C cRPMI-10 for 3 days. Plate-bound H-Y/H-2D b -stimulated, to target (T) ratios of 10:1. After 4 h at 37°C, the degree of B6.2.16 CTL were labeled with PKH26 and incubated at a cytolysis was determined and the percentage specific lysis 1:1 E:T ratio with CFSE-labeled RMA target cells that were calculated from the specific 51 Cr release as follows: [(experipulsed with H-Y antigen peptide (100 nM) for 1 h and washed mental release -spontaneous release)/(maximum releaseto eliminate free antigen. The cultures were plated in 96-well spontaneous release)]ϫ100. The percentage specific lysis of round-bottom plates at 37°C for 4 h. To visualize conjugates, the targets in the absence of H-Y peptide was never Ͼ3% cells were resuspended using a standard shear force of 20 and the level of spontaneous lysis never exceeded Ͼ6% aspirations in and out of a disposable tip of an automatic of maximal lysis. CFSE-labeled, B6.2.16 CD8 cells were intracellularly stained with anti-perforin mAb (Kamiya pipette set at 150 µl (20), and then directly analyzed by FACS.
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Apoptosis inhibition studies Fratricide experiments were performed according to a procedure described before (10). B6.2.16 CTL were labeled with 51 Cr and cultured with RMA cells (unpulsed or pulsed with 100 nM H-Y peptide) at a ratio of 1:1 and 3:1 for 1 h at Results 37°C. Then fresh, unlabeled B6.2.16 CTL were added (final 10:1 and 30:1 E:T ratios of fresh effectors to primary effector-
Generation of anti-H-Y CTL in the absence of cytolysis targets). For maximum lysis conditions H-Y peptide (100 nM)
To examine whether cytolysis determines the fate of CTL was added to half of the wells. After an additional 4 h of and memory cells, we generated CTL from RAG1-deficient culture, the percentage of specific lysis of the B6. 1B) . Measurement of the cytoplasmic, cytolytic protein perforin precursor frequency determined after 7 days as described (5). revealed that after 4 days every B6.2.16 CD8 cell, which had performed a mixed CTL experiment in which plate-bound pMHC-stimulated B6.2.16 (anti-H-Y/H-2D b ) and influenzadivided Ͼ5 times, had differentiated into an effector (Fig. 1B,  inset) . After 4 days, the low proportion (~10%) of B6. (Fig. 1B) (5) . This procedure allowed us to generate a pool of cytolytically competent CD8 ϩ lysed H-Y-pulsed targets (22% specific lysis) and underwent apoptosis (Fig. 3C) . However, F5 CTL (B6.2.16 TCR -CD8 ϩ ) effectors that had not killed.
did not lyse H-Y-pulsed targets (4% specific lysis) nor undergo Contact-mediated target cell lysis mediates apoptosis apoptosis when cultured with H-Y-pulsed targets (Fig. 3C) . Therefore, effector cell apoptosis was not due to CTL-or To determine if antigen recognition on targets by anti-H-Y CTL stimulated on plate-bound H-Y/H-2D b induces effector target-derived soluble factors, but rather was triggered by contact-mediated cytolysis (26, 27) . cell death, apoptosis was measured in two ways. The expression of phosphatidylserine on the outer membrane of effector Effector cell apoptosis requires active cytolytic granules cells was measured by staining with Annexin V (23) and chromosomal DNA condensation measured using the dye To examine whether B6.2.16 CTL apoptosis was caused by effector molecules that induce target lysis, we used an YOPRO-1 (24) . To avoid the effects of cognate peptide binding to CTL, which could result in fratricidal killing (25), we used inhibitor of vacuolar type H ϩ -ATPase, CMA. It has been previously shown that CMA inhibits lytic granule-mediated RMA target cells pulsed with antigen and washed extensively. To distinguish between target and effector cell apoptosis we cytolysis without inhibiting the formation of CTL and target conjugates (28,29). Furthermore, CMA selectively blocks labeled target cells with CFSE or PKH26 and stained for the expression CD8 to identify B6.2.16 CTL ( Fig. 2A and C) .
perforin/granzyme mediated cytotoxicity and does not effect Fas-mediated cytotoxicity (29) . The formation of conjugates Concomitant with the lysis of H-Y-pulsed targets, B6.2.16 CTL underwent apoptosis as evidenced by an increase in the between B6.2.16 CTL and H-Y-pulsed targets was uneffected by 10 nM CMA (Fig. 4A) . However, we found that CMA number of Annexin V ϩ (Fig. 2B) and YOPRO-1 ϩ (Fig. 2D ) cells. A summary of more than five independent experiments inhibited 76% of the lysis of H-Y-pulsed target cells. The specific lysis of H-Y-pulsed target cells without CMA was is shown (Fig. 3A and B) .
To determine if direct contact with H-Y-pulsed targets 33 Ϯ 2% (n ϭ 11 experiments) and with CMA was 8 Ϯ 1% (n ϭ 11 experiments). Furthermore, CMA substantially was required to induce the apoptosis of B6.2.16 CTL, we decreased B6.2.16 CTL apoptosis, thus demonstrating a role for perforin/granzyme in the induction of CTL apoptosis during cytolysis (Fig. 4B) .
Since CMA did not inhibit conjugate formation between B6.2.16 CTL and H-Y-pulsed targets (Fig. 4A) we conclude Fig. 2(A and B) . The mean values are from five independent experiments Ϯ SEM. (B) Induction of B6.2.16 CTL two other observations. First, a Fas-Ig fusion protein had apoptosis during cytolysis as measured by YOPRO-1 binding. The no effect on B6.2.16 CTL apoptosis during cytolysis at a degree on chromosomal DNA condensation was detected by concentration (12.5 µg/ml) that has been shown to inhibit YOPRO-1 staining as described in Fig. 2(C and D) . were 6.7 Ϯ 1.4% Annexin V ϩ with control inhibitor (z-FA-
Memory cells are derived from cytolytically inactive effectors
We wanted to determine if the development of CD8 ϩ memory cells depends upon the presence of a subset of predetermined CTL precursors or is influenced by cytolytic behavior. B6.2.16 CTL stimulated on plate-bound H-Y/H-2D b were allowed to perform differing amounts of cytolysis by controlling the availability of H-Y-pulsed targets. The ability of B6.2.16 CTL to give rise to memory cells 10 or 21 days after adoptive transfer of live cells (10 6 ) to antigenfree mice was then determined. In parallel, the same number of live naive B6.2.16 CD8 cells (10 6 ) were adoptively transferred and their ability to give rise to anti-H-Y CTL after re-challenge was compared with the progeny of transferred effectors. Memory B6.2.16 CD8 cells are defined as those that retain expression of the CD44 activation marker and give rise to more anti-H-Y CTL after re-challenge than the same number of naive cells (antigen hyperreactive) (5,13). The progeny of cytolytically active B6.2.16 CTL (specific lysis Ͼ10%) did not generate any more anti-H-Y CTL than adoptively transferred naive cells (Fig. 6) . However, B6.2.16 CTL that had killed little (Ͻ10% specific of naive B6.2.16 CD8 cells into RAG1-deficient recipients did not result in an increase in CD44 expression or cell size, indicating that they retained a naive phenotype. These findings are consistent with earlier reports which showed fmk, 50 µM) and 6.7 Ϯ 1% Annexin V ϩ in the presence that the adoptive transfer of naive B6.2.16 CD8 cells to of a caspase-8 inhibitor (z-LETD-fmk) at a concentration lymphopenic recipients did not lead to their expansion and (50 µM) that has been shown to inhibit Fas-mediated cell subsequent activation of clonotypic T cells (21, 22) . The death (32 (Fig. 6 ). Taken and re-express surface pMHC complexes from antigentogether we conclude that memory B6.2.16 CD8 cells were presenting cells by TCR-mediated endocytosis (10). This generated from CTL that had killed little. process was shown to sensitize the CD8 ϩ cells to peptideThe differences in anti-H-Y-CTL precursor frequency after specific lysis by neighboring CTL. We wanted to determine antigen re-challenge may have been due to the presence the contribution of this pathway of CTL fratricide during the of functionally impaired cells derived from cytolytically active B6.2.16 CTL apoptosis in our system. B6.2.16 CTL. However, after adoptive transfer, the progeny Target cells were cultured with 51 Cr-labeled B6.2.16 CTL of B6.2.16 CTL that had performed the least cytolysis gave that we generated on plate-bound H-Y/H-2D b . After 1 h of rise to both the most B6.2.16 CD8 cells and anti-H-Y CTL cytolysis, fresh, unlabeled B6.2.16 CTL were added for an precursors (Table 2) . additional 4 h of cytolysis. To determine the maximum It is possible that differential homing to sites other than extent of CTL fratricide, soluble H-Y peptide was added lymph nodes and spleen may in part account for differences (100 nM) to half of the wells. Incubation with H-Y-pulsed in cell recovery. However, during cytolysis a superoxide targets did not sensitize B6.2.16 CTL to lysis by fresh dismutase mimetic (MnTBAP, 100 µM) (31) inhibited 78% B6.2.16 CTL over the level observed for effectors incubated of B6.2.16 CTL apoptosis and gave rise to a 2.3-fold with unpulsed targets (Fig. 5) (Fig. 5 ). These data demonstrate that although the perforin/granzyme pathway is necessary for Discussion the induction of B6.2.16 CTL apoptosis during cytolysis, fratricide mediated by re-expression of target-derived antiWe have shown previously that memory CD8 ϩ cells develop from CTL (5). However, how a subset of CTL escapes cell gen played no detectable role. 16 CTL that performed Ͻ2% specific lysis gave more anti-H-Y CTLp (mean ϭ 10.1ϫ10 3 , n ϭ 7) than naive cells (mean ϭ 4.6ϫ10 3 , n ϭ 2) (0.1 Ͼ P Ͼ 0.05), whereas B6.2.16 CTL that generated Ͼ19% specific lysis (mean ϭ 0.8ϫ10 3 , n ϭ 14) gave fewer anti-H-Y CTLp than naive cells (P Ͻ 0.001). (B) After 21 days, B6.2.16 CTL that had performed Ͻ2% specific lysis (mean ϭ 7.5ϫ10 3 , n ϭ 4) gave more anti-H-Y CTLp than naive cells (mean ϭ 2.9ϫ10 3 , n ϭ 2) (P Ͻ 0.001). B6.2.16 CTL that had generated Ͼ19% specific lysis gave less anti-H-Y-CTL (mean ϭ 0.4ϫ10 3 , n ϭ 8) than naive cells (P Ͻ 0.001). death and generates memory cells is not known. In this permissible number of targets a CTL can still kill without dying is at present not known, our findings suggest that those CTL paper, we examined the role of cytolytic behavior on the cell fate decision made by functionally competent CTL. We that give rise to memory cells are likely to have performed less cytolysis than those that undergo AICD. show that suicide of B6.2.16 CTL during cytolysis is induced by the action of effector molecules stored in lytic granules
We have shown that the action of effector molecules stored in granules induces CTL apoptosis. However, it has been (Figs 2-4 ). Our findings demonstrate that the perforin/ granzyme pathway plays a role in inducing CTL AICD.
reported that CTL appear to be more resistant to cytolysis than experimental targets in vitro (33,34). A possible mechanism for We tested the role of suicide induced by cytolytic activity on CD8 ϩ memory cell development by controlling access to ensuring CTL survival during cytolysis may involve the action of endogenous serine-protease inhibitors (serpins) such as pMHC on targets. After adoptive transfer to antigen-free mice we observed that memory B6.2.16 CD8 cells were only human PI-9 (35,36) and murine SPI6 (37) that have been identified in CD8 ϩ cells. These serpins may protect CTL from generated under conditions of low cytolytic activity when access to antigen was limited (Fig. 6 and Table 2 ). This misdirected granzymes, and thereby play a role in determining CTL cell fate and memory cell development. However, the implies that the CTL that had killed little were less likely to undergo apoptosis and therefore more likely to be able to mechanism by which perforin/granzyme reaches the cytoplasm of CTL to induce apoptosis is at present unclear. give rise to memory cells. The ratio of CTL to antigenexpressing targets may effect the probability of cytolytic It has been shown that the re-expression of target-derived pMHC induces the fratricidal killing of CTL (10). However, our activity and thus the extent of CTL apoptosis. While the exact 
